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Abstract: Bioimaging has advanced the field of nanomedicine, drug delivery, and tissue engineering by directly
visualizing the dynamic mechanism of diagnostic agents or therapeutic drugs in the body. In particular, wide-field, planar,
near-infrared (NIR) fluorescence imaging has the potential to revolutionize human surgery by providing real-time image
guidance to surgeons for target tissues to be resected and vital tissues to be preserved. In this review, we introduce the
principles of NIR fluorescence imaging and analyze currently available NIR fluorescence imaging systems with special
focus on optical source and packaging. We also introduce the evolution of the FLARE intraoperative imaging technology

as an example for image-guided surgery.
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1. Introduction

Bioimaging is a promising field of research that utilizes
optical fluorescence light to see, and ultimately facilitate
otherwise sophisticated surgical procedures. Current other
diagnostic imaging modalities used routinely in patient care
are: x-rays (plain film and fluoroscopy), computed tomography
(CT), magnetic resonance imaging (MRI), ultrasonography
(US), single-photon emission computed tomography (SPECT),
and positron emission tomography (PET)."” Although x-ray
fluoroscopy and US are frequently used for image-guided
surgery in the clinic, the rest of imaging modalities are
mostly limited to being capable of preoperative diagnostic
measurements.

The unmet clinical need in surgery stems from the fact
that there are currently no clinically available real-time
intraoperative imaging systems that guide surgeons to find
target tissues and to avoid vital tissues. For example, with
modern surgical techniques, 20-25% of breast cancers are
still being resected incompletely>” and local recurrence
remains unsatisfactorily high about 12-28%." Moreover,
nerve damage during many types of surgery, resulting in post-
surgical neuralgia and loss of function, occurs in 20,000 to
600,000 patients per year in the U.S. alone.” Being able to
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see structures that need to be resected, such as malignant
cancerous tissue, and structures that need to be avoided,
such as blood vessels and nerves, is a profound unmet
clinical need. In this review, we discuss currently available
NIR fluorescence imaging systems with special focus on
optical sources and their packaging technology.

2. NIR Fluorescence Imaging Systems

2.1. NIR Window

Unlike visible light, which cannot penetrate into blood and
tissue more than a few hundred microns due to high photon
attenuation from absorbance and scatter, the near-infrared
window (NIR Window) is the optical window utilizing NIR
fluorescence light which has the range of emission
wavelength between 650 nm to 900 nm.? It is well known
that absorption and scatter properties greatly affect the photon
penetration into living tissue. Because of low absorption and
scattering as well as extremely low autofluorescence in the
NIR window, in vivo optical imaging using the NIR
fluorescence light could be improved significantly (Fig. 1).

Autofluorescence is natural emission of endogenous
fluorophores in the body, which appears when tissue
absorbs fluorescence light.” Tissue autofluorescence can
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Fig. 1. Endogenous tissue autofluorescence imaging depending on
filter sets and excitation fluorescence light. (a) Color image
of a hairless, athymic nu/nu mouse. Tissue autofluorescence
was imaged using 3 different excitation/emission filter sets:
(b) blue/green (460-500 nm/505-560 nm); (c) green/red
(525-555 nm/590-650 nm); and (d) NIR (725-775 nm/
790-830 nm). The fluence rate provided by each filter set
was adjusted to 2 mW/cm?. Arrows mark the location of the
gallbladder (GB), small intestine (SI) and bladder (BI).
[Adapted from Frangioni, JV.” Copyright permission from
Elsevier].

severely affect signal-to-background ratio (SBR), which is
the basic principle of intraoperative imaging. Using the NIR
window, the problem of autofluorescence can be essentially
eliminated in bioimaging. Figure 1 shows the wavelength-
dependent autofluorescence of tissues and organs in an
athymic nude mouse.” ‘Green’ autofluorescence of the skin
and viscera, gallbladder, small intestine, and bladder is all
relatively high when the whole body is excited with the blue
light. When ‘red’ filter set is used, the autofluorescence of
gallbladder and bladder is noticeably decreased while
intestinal signals still remains significantly under the green
light. However, the use of NIR fluorescence light eliminates
such autofluorescence in most tissues significantly, resulting
in reduced background signal and improved SBR.

2.2. Real-Time Intraoperative Imaging Systems

2.2.1. Fluorescence excitation light sources

There are 3 major technologies capable of producing
fluorescence light for excitation of exogenously injected NIR
fluorophores:  filtered-broadband ~ sources,
diodes (LEDs), and laser diodes (LDs).

light-emitting

Filtered-Broadband Sources: There are various
broadband light sources based on optical semiconductors,
e.g. superluminescent diodes. They typically exhibit a high
spatial coherence, making it easy to focus the output tightly or
to deliver it through an optical fiber, even a single-mode
fiber; therefore mostly used for the light source of
absorption spectroscopy. The major problem applying this
broadband source for optical imaging system is efficiency.

Most of the photons produced by the source are discarded in
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order to filter excitation light to narrow the target band, and
in most cases excessive heat is generated. These broadband
sources also have a relatively large solid angle, that is, only
a small fraction of the optical power propagates towards the
surgical field.? Concentrating optical power inside light guides
using mirrors and lenses is also difficult. Because of these
issues, there are few applications in image-guided surgery
where broadband sources would be optimal. Furthermore, it
is often difficult to focus such filtered-broadband light on a

desired field of view (FOV) at a long working distance.”'”)

Light-Emitting Diodes (LEDs): LEDs are an efficient
light source for fluorescence imaging because of their
efficient conversion of electrical energy into optical energy,
high power, spectral confinement, and cost. Typically the
full-width at half maximum (FWHM) is less than 50 nm and
the power densities up to 300 W/cm?2.!" Working with LEDs
for surgical imaging, however, can be challenging, mostly
because of temperature concerns, wiser bandwidths, and
difficulty in assembling large arrays.'”” For example, heat
dissipation is a major challenge for dense arrays. Therefore,
excitation filters and collimators as well as lensing (either
inherent to epoxy LEDs or external) are required to reduce
the spectral FWHM and to concentrate optical power within
the FOV.

Laser Diodes (LDs): LDs are the most confined spatially
and spectrally, but expensive at high power. They can be
difficult to integrate, can trigger safety concerns related to
maximal permitted exposure (MPE), and require the use of
personal protective equipment such as laser goggles. LDs
also require precise control in current and temperature using
a proportional-integral-derivative feedback control loop as
temperature variations induce changes in wavelength. High
temperatures reduce the lifetime of the diode significantly.
Recently, NIR diodes in the 1-2W range have become
available, although not every wavelength is available in
high power packages. In some situations, a major problem
with coherent sources like LDs is speckle, which may have
to be removed prior to illuminating the surgical field by
either rotating a diffuser or vibrating a fiber at frequencies
much higher (typically 10-times) the camera frame

rate 1012

2.2.2. Commercially available NIR imaging systems

Most in vivo imaging systems currently available are
developed in 3 major categories depending on the application
purposes: 1) closed chamber type, 2) handheld type, and 3)
open air type imaging systems.
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1) FMT Series (Perkin Elmer, Waltham, MA, USA):
The FMT system is an LD-based tomographic NIR imaging
system for small animal imaging. It is available up to 4
channels, capable of utilizing fluorescence wavelength ranging
650-805 nm in a closed housing. Animal imaging cassette is
used to capture 3D tomographic, 2D reflectance images. It is
also possible to co-register MR, CT, SPECT, and PET scan
images with the FMT image.

2) IVIS Spectrum (Perkin Elmer, Waltham, MA, USA):
The IVIS spectrum is an LED-based pre-clinical in vivo
imaging system. It is used for fluorescence imaging spanning
430-850 nm as well as bioluminescence imaging in a closed
chamber. It also supports spectral unmixing and automatic co-
registration of CT/MRI images on a 3D image.

3) Fluobeam (Fluoptics, France): Fluobeam and Fluostick
are handheld LD-based
visualization of circulatory and lymphatic flow during

imaging systems used for
surgical operation. The preclinical version of Fluobeam utilizes
NIR fluorescent probes for real-time visual assessment of
tumor margin. This system is designed as two separate
models with different NIR excitation/emission capabilities:
Fluobeam 700 and Fluobeam 800 with excitation 680 nm and
780 nm, collection>700nm and>820 nm,

respectively.

emission

4) Photodynamic Eye (PDE) (Hamamatsu Photonics,
Tokyo, Japan): The PDE system is designed for real-time
intraoperative fluorescence imaging ranged from visible to
NIR light. It is a portable handheld device with great
mobility, and has shown to be effective in sentinel lymph
node (SLN) mapping, visualizing blood perfusion, visceral
surgery, and burn depth evaluation.

5) Artemis (Quest Medical Imaging, Middenmeer, The
Netherlands): The Artemis is an LD-based portable imaging
system compatible with fluorescence between wavelength
of 400-1000 nm. It is equipped with handheld camera,
which could be fixed to movable articulating arms or used
as laparoscope for real-time intraoperative imaging.
Captured color and NIR fluorescence images are displayed
on a screen along with the merged image. Its primary uses

are similar to those of PDE.

6) SPY Elite (Novadaq, Richmond, Canada): The SPY
Elite is an LD-based NIR fluorescence imaging system used
for open air intraoperative imaging. It captures and views

Fig. 2. Commercially available NIR fluorescence imaging systems.
Shown are representative images for 1) FMT (Perkin
Elmer), 2) IVIS (Perkin Elmer), 3) Fluobeam (Fluoptics), 4)
PDE (Hamamatsu), 5) Artermis (Quest Medical Imaging),
6) Spy Elite (Novadaq), and 7) Solaris (Perkin Elmer).

fluorescence images for the real-time visual assessment and

evaluation of tissue perfusion, and other circulatory
abnormalities. This system is already approved by the U.S.
FDA for intraoperative surgery including coronary artery
bypass grafting, plastic and reconstructive surgeries, and

organ transplant.

7) Solaris (Perkin Elmer, Waltham, MA, USA): The Solaris
system is designed for open air in vivo imaging based on 4
different wavelengths LEDs (470, 660, 750, and 800 nm), of
which fluorescence compatible with various imaging probes.
The application of Solaris is primarily focused on preclinical
therapeutic development and surgical researches.

2.3. FLARE Imaging Systems

Over the past decade, the Center for Molecular Imaging at
BIDMC has developed a series of real-time intraoperative
imaging systems, named Fluorescence-Assisted Resection
and Exploration (FLARE) (Fig. 3). These systems are
designed for open air in vivo imaging and largely composed
of CCD cameras, computer, monitors, and light source (LD
or LED). As shown in Figure 4, the FLARE has 3 different
light sources and their counterpart cameras: white light for a
color video, 700 nm channel, and 800 nm channel. After an
exogenous fluorophore is injected, 3 different light sources
excite the fluorophore while the cameras capture the
emission signals and computer processes and displays real-
time image of surgical area on the monitor.
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Fig. 3. Historical evolution of the FLARE real-time intraoperative
imaging systems developed by the Center for Molecular
Imaging at BIDMC from 2001 to 2013.
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Fig. 4. Detailed schematic drawing of the FLARE imaging head,
optical light paths, and filtration. The FLARE imaging
system is composed of a color video camera, and two
independent and simultaneous NIR cameras (680 nm
dichroic mirror/700 nm emission; 770 nm dichroic mirror/
800 nm emission).

2.3.1. LED-based FLARE systems

The initial version of FLARE imaging systems was built
based on compact, heat-dissipating LED modules for real-time
intraoperative image-guided surgery.”'¥ Briefly, wavelength-
isolated white light (400-650 nm), NIR channel #1 excitation
(660-685 nm), and NIR channel #2 excitation (760-790 nm)
illuminate up to 15cm of surgical field, and a 3-CCD
camera system with custom filters simultaneously acquires
color video and two independent channels of NIR emission
centered at 700 nm for NIR channel #1 and 800 nm for NIR
channel #2 (Fig. 4).

The LED-based FLARE imaging system was reported
previously in detail.*'® Briefly, as shown in Figure 5, the
imaging head is comprised of a high-power, computer-
controlled LED light housing, custom optics and filtration,
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Fig. 5. Overview of an LED-based FLARE imaging system (a) and
the design of LED light housing (b) with compact, heat-
dissipating modules.

and cameras,'” and the hardware was engineered to meet all

relevant subsections of the AAMI/IEC standard #60601.
The system has adjustable FOV from 2.2-15 cm, a resolution
of 125-625 ym, and an 18” working distance between the
imaging head and the patient with fluence rates of 4 mW/cm?
and 14 mW/cm? for 670 nm and 775nm excitation light,
respectively.’ 40,000 lux white light (400-650 nm) was also
used to illuminate the surgical field during operation.'”

The major challenge of the use of densely packed LEDs
is heat generation over time. To eliminate this issue, 5 mm
epoxy LEDs were arranged in a trigonal pattern with 3
central and 9 peripheral positions on a printed circuit board
(PCB) with a minimal solder mask around each lead hole.'?
Moreover, to eliminate heat, tens of additional holes were
drilled in the PCB heat on a metallized board, and anodized
aluminum housing was used with the secondary 400 W cooling
plate. Finally, the housing was continuously water-cooled by
running a 400 W Thermocube (Solid State Cooling, Pleasant
Valley, NY) set to 18°C connected to a custom cooling plate
(Lauzon Manufacturing, Bennington, VT)."?

2.3.2. LD-based FLARE systems

Recently, we developed a potable K-FLARE imaging
system based on a custom NIR laser light source with
commercial grade objective lens and dual sensor camera.
Briefly, 660nm and 760nm NIR LD sources were
packaged onto a single, small footprint board with their
cooling elements (see details in Section 3.2). The K-Flare
imaging system can be classified as a Class 3R laser device
with the 660 nm driven at maximum current and the 760 nm
diode operated at 96% of its maximum output. It should be
noted that the implementation of illumination setup in
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Fig. 6. Laser-based miniaturized K-FLARE imaging system. The
K-FLARE system provides simultaneous color video
(512x512 pixels), choice of either 700 nm or 800 nm
fluorescence, and merge of color video and NIR fluorescence.
The fluence rates for 660 nm and 760 nm lasers are 1.0 mW/
cm? and 3.6 mW/em?, respectively, at 13 working distance.
5,500 lux of white light (400-650 nm) is provided to cover
FOV of 5.5” during surgery.

practical settings could be susceptible to multiple losses due
to laser filtration, fiber injection and attenuation during
transmission. A more reasonable estimate of operating
efficiency for both diodes is in the 50-60% range and under
these conditions the device provides a maximum fluence of
~1 mW/cm? at 660 nm and ~7 mW/cm? at 760 nm excitation.
The NIR fluorescence contains the following acquisition
parameters: exposure, gain, and BCG (brightness, contrast,
and gamma) settings.

3. Design of Optical Imaging Systems with
Packaging

3.1. Light Housing Design and LED Packaging
For the LED-based mini-FLARE
individual LED modules were mounted in a small aluminum
housing (Fig. 7).'"” MATLAB-based software was used to
maximize the packing of light sources with a high fluence

imaging  system,

rate and multiple wavelengths, which requires input of light
element (i.e., LED modules) characteristics, light element
size, minimum inter-module spacing, desired working
distance, and the central lens hole diameter. To optimize the
compactness, we packed as many modules as possible
around the central lens hole and modulated the inter-module
distances.”!” The LED module centers were then projected
onto the spherical cap surface. To assemble LED modules
efficiently, LED and PCB boards were mated, potted with
thermally conductive silicone, and then covered with a color-

Bottom of assembled LED board

Top of assembled LED board

Side view during insertion Side view after insertion

White (400-650 nm) 1,5,
NIR#1 (660 nm)  14,15,17,18
NIR#2 (770 nm)  2-4,6-7,10-12,13, 16

Fig. 7. Design of light housing and packaging of individual LEDs.
Special attention paid to insert the assembled driver board
three 2-pin headers into the appropriate holes on the
assembled LED Board.

coded smooth silicone (Albright Technologies, Leominster,
MA)." Optical packaging is another challenge because of
difficulty in lensing that relays white and NIR fluorescent
emission light to the cameras, of which considering factors
are transmission of light, depth of field, working distance,
and FOV to minimize distortion, vignetting, and parfocality.
The total optical power from the assembled LED modules
ranged from 57-77% of maximum at 18” working distance,
with sputtered excitation filters providing wavelength
selection with high transmission (typically 98%).

3.2. Imaging Head Assembly and LD Packaging

The LD-based portable K-FLARE imaging system is
composed of 3 optical fiber assemblies for illumination,
namely the 660 nm and 760 nm NIR fibers and a white light
fiber bundle. The illumination head shown in Figure 8
comprises of 12 illumination ports: 4x White Light (LED),
4x 660 nm lasers and 4x 760 nm lasers. Two laser diode
modules (one for 660 nm and 760 nm each) were housed in
a separate enclosure and were connected to the illumination
head via quadfurcated fiber optic bundles with 1 mm core
diameter. The maximum output of the 660 nm and 760 nm
modules is 1 W and 2.5 W, respectively.

The optical fibers allow uniform distribution of laser/
white light via 4 output legs, of which fiber bundles were
arranged in a circular configuration resulting in 12 ports on
the luminary for attaching the illumination fibers. The white
light fibers design were terminated by a 4 " diameter ferrule
and inserted directly into the port.

Figure 8 shows a schematic of the imaging head and
cable packaging. For white light (400-650 nm), a custom
fiber optic assembly was commissioned with the following
input specifications: output of 780 lumens, color temperature
of 6000 K, and control input intensity of 4 bit encoders. A

»4" bundle diameter was chosen as the largest compatible
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Fig. 8. Components of imaging head assembly (a) and LD
packaging (b) with vertical, top, and bottom view of the
imaging head. Each face of the camera has 3 fibers (1 white
light fiber and 2 fiber legs from each of the NIR fibers). The
legs of fibers were arranged in mutually orthogonal
directions.

with the LMI-6000 light source, a largest possible area was
desired to minimize loss in the coupling between light
source and bundle.

Of note, the umbilical cord should be assembled with the
package of white light fibers, NIR #1 fibers (660 nm), NIR #2
fibers (760 nm), camera power supply, camera communication
cables, and LD supply cables (Fig. 8).

4. Conclusions

In this article, we review the state-of-the art optical
fluorescence imaging and various preclinical and clinical NIR
imaging systems with the special focus on the optical light
source and packaging. The impact of NIR fluorescence
imaging systems is enormous in various research fields,
especially bioimaging, drug delivery, tissue engineering, and
nanomedicine. Since NIR fluorescent light is basically
invisible to human eye, specially designed exogenous contrast
agents are required to get the NIR fluorescent light within the
surgical field to emit photons at the specific locations. When
combined with an appropriate NIR fluorophore, these
imaging systems enable real-time in vivo imaging to highlight
the specific structures desired by the surgeon such as pan and

19 peripheral nerves,' vasculature,'®!”

sentinel lymph nodes,
bone,'® pancreas,'® thyroid and parathyroid glands,?” as well
as many tumorous tissues.®**'> The key to future success
will be first-in-human trials of new technology, which in turn
requires a comprehensive understanding of such design
parameters discussed in this article. The next ten years will
likely see the explosion or the demise of image-guided

surgery using invisible NIR light.
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